Background: Reliable exposure information is crucial for assessing health outcomes of influenza infection and vaccination. Current serological methods are unable to distinguish between anti-hemagglutinin (HA) antibodies induced by infection or vaccination.
| INTRODUC TI ON
Influenza is an acute respiratory disease caused by influenza type A or B viruses, associated with increased rates of hospitalization and death in susceptible individuals. 1, 2 Annual vaccination against seasonal influenza is recommended to high-risk groups by the World Health Organization (WHO). 3 In 2009, a novel H1N1 influenza A virus emerged causing a global pandemic with significant morbidity and mortality. 1, 4, 5 In Norway, a national campaign with an adjuvanted, monovalent vaccine (Pandemrix, GSK Biologicals) coincided with the pandemic peak. 6, 7 The pre-pandemic prevalence of antibodies at protective titres was low in the Norwegian population. 8 To disentangle the role of pandemic influenza infection and vaccination on different health outcomes, reliable exposure information is essential. The gold standard for the direct detection of influenza infection is laboratory identification of influenza viral RNA by reverse transcription-polymerase chain reaction (RT-PCR) or virus culture from respiratory samples. 9 Alternative methods include other nucleic acid based technologies or the detection of viral antigen by, for example immunofluorescence assays. Direct detection requires sampling during the acute phase of infection, preferably 3-4 days within symptom onset, 9 and is typically applied to support clinical management of severe cases. For mild cases, a clinical diagnosis based on symptoms may suffice, 9 or medical care may not be sought; moreover, a large proportion of infected individuals remain asymptomatic. 10, 11 Consequently, most cases of influenza infection remain undetected, 6, 7 underscoring the need for other sources of information, such as questionnaires, health registries and biological specimens, for ascertaining or estimating the infection status of an individual. In prospective studies, direct laboratory testing requires active screening of participants, which is labour intensive and expensive, and typically limited to clinical vaccine trials. Indirect detection by the hemagglutination inhibition (HI) assay has traditionally been the main tool for identification of influenza infections, whereby influenza anti-hemagglutinin (HA) specific antibodies are measured. 12 An increase in HI titre (typically fourfold over a base level) indicates an infection. However, the assay cannot distinguish between antibodies induced from infection and vaccination, as inactivated vaccines, like infection, also induce antibody responses against the viral HA surface antigen. In contrast, antibodies against the non-structural protein-1 (NS1) are only induced upon active viral replication during infection. 13 The Luciferase Immunoprecipitation System (LIPS) has been used as a rapid serological assay to detect viral agents 14 and vaccine responses. 15 We sought to evaluate whether the LIPS method, by measuring anti-NS1 antibody levels, could discriminate between influenza H1N1pdm09 infection and vaccination, firstly in control sera from experimentally immunized animals, and secondly in samples from pregnant women in a cohort established during the 2009 pandemic in Norway. 
| MATERIAL AND ME THODS

| Animal antisera
| Study population
Human plasma samples were obtained from the Norwegian Influenza Pregnancy Cohort Study (NorFlu) established during the A/H1N1 pandemic in 2009, as described previously. 17 The study was approved by the Regional Committees for Medical and Health Research Ethics Blood samples were collected from participants at delivery.
Neutralizing anti-HA antibody levels were measured using the HI assay with the pandemic vaccine virus NYMC X-179A as described months after the pandemic, LIPS was specific, but not sufficiently sensitive for ascertaining cases by exposure.
K E Y W O R D S
H1N1pdm09, influenza, NS1, pandemic, serology, vaccination previously. 17 If there was no HI at the highest serum concentration (1:10 dilution), the titre was assigned a value of 5 for calculation purposes.
| Linkage to National Health Registries
Additional data were obtained from national registries through linkage with the unique personal identification number assigned to all residents of Norway. Information about the pregnancy was obtained from the 
| Selection criteria
Three groups were selected among NorFlu participants, who were pregnant during the pandemic peak:
"LCI cases," that is unvaccinated, laboratory-confirmed influenza (LCI) cases (N = 18) included women who were registered in MSIS with a laboratory RT-PCR-confirmed H1N1pdm09 infection during the pandemic peak, had an H1N1pdm09 HI titre ≥20 at delivery, with no record of pandemic vaccination in SYSVAK, nor self-reported pandemic vaccination. 
| Luciferase Immunoprecipitation System (LIPS)
The LIPS technology, based on luciferase-tagged antigens produced in mammalian Cos1 cells, was used to screen the samples for antibodies against H1N1pdm09 NS1 and HA. HA and NS1 of A/ California/07/09 (H1N1)pdm09 were amplified by RT-PCR and subcloned into a mammalian Renilla luciferase (Ruc) expression vector (pREN2) to generate Ruc-HA and Ruc-NS1 C-terminal fusion protein constructs respectively. Construct identity and integrity was confirmed by DNA sequencing. Cos1 cells (10 6 /10 cm round plate) were transiently transfected with 2 µg of the Ruc-NS1 or Ruc-HA construct. Cell extracts containing the recombinant proteins (CERP) were prepared as described previously. 14, 19 
| Measurement of antibody levels using the LIPS system
All sera or plasma samples were diluted 1:10 in buffer A (50 mM Tris, Coelenterazine luciferase substrate was prepared using the Promega Renilla substrate kit as described by the manufacturer. To define H1N1pdm09 seropositivity according to LIPS, a simple statistically based cut-off was derived for the NS1 and HA antigens, respectively, from the mean value of the signal from the negative control plus five standard deviations (SDs). A cutoff using the mean plus three SDs was also tested, but resulted in reduced specificity and no increase in sensitivity. NS1 or HA serostatus was used to determine the specificity, sensitivity, positive predictive value (PPV) and negative predictive value (NPV) for the detection of infection (ie LCI cases vs controls) and for distinguishing infected from vaccinated cases (ie LCI cases vs vaccinated cases).
| Time since exposure
Time between exposure and blood sampling was the interval in days from exposure (date of LCI or vaccination) and date of birth (sampling). For the controls, exposure was defined as the date of the pandemic peak (2 November 2009). 6
| Statistical analysis
Comparisons of continuous outcomes were performed using a t test. (comparisons of categorical outcomes were not performed due to small sample size). Analyses were carried out using Stata/S 14.0 (StataCorp LCC), Microsoft Excel (Microsoft Corporation) and
GraphPad Prism 8 (GraphPad Software, Inc).
| RE SULTS
| LIPS detection of anti-H1N1pdm09 antibodies against NS1 and HA in sera from experimentally inoculated animals
A panel of antisera from ferrets inoculated with different strains of influenza virus was tested for antibodies against the H1N1pdm09 viral NS1 protein by LIPS ( Figure 1A) . Sera from ferrets inoculated with H1N1pdm09 virus were included as a positive control for pandemic infection ("Cal/09"). A higher level of anti-NS1 antibodies was detected in the positive control compared to the negative control, representing a 12.0 (SD ± 7.7) fold increase in LU (P-value of .077).
The increase varied considerably across measurements for the same sample (eg ranging from 6.1 to 20.6 fold). In contrast, a minimal increase in LU (1.5 ± SD 0.8) was measured in the antisera against purified H1N1pdm09 HA mimicking vaccination ("Cal/09 HA", control sera without anti-NS1 antibodies), and other non-pandemic viruses circulating prior to the pandemic (ranging from 1.1 to 1.6).
The animal antisera were subsequently tested for the presence of antibodies against the H1N1pdm09 HA protein ( Figure 1B) . As expected, anti-HA antibodies were detected in sera raised against the pandemic virus ("Cal/09") or against the H1N1pdm09 HA antigen ("Cal/09 HA"), but not in the antisera against other, non-H1N1pdm09, virus strains. The relative level of H1N1pdm09 specific antibodies in the positive control was much higher for the anti-HA than for anti-NS1 response (approximately 170-and 12-fold increase, respectively).
| LIPS detection of anti-H1N1pdm09 NS1 and HA antibodies in human laboratory-confirmed infection and in vaccination
Next, we tested the LIPS platform on plasma from 18 pregnant, unvaccinated women who had laboratory RT-PCR-confirmed H1N1pdm09 infection ("LCI cases"), compared to 18 pregnant vaccinated women without ILI ("vaccinated cases"), and 18 pregnant, uninfected, unvaccinated women ("controls") ( Figure 2 ). The mean fold increase of the anti-NS1 antibody response was higher in the LCI cases compared to the controls (2.3 SD ± 3.6 vs 0.9 ± SD 0.7, respectively, P-value of .12) ( Figure 2A) . Similarly, the anti-NS1 antibody levels were higher in the LCI cases compared to the vaccinated cases (2.3 ± SD 3.6 vs 0.7 ± SD 0.4 fold increase, respectively, P-value of .07) (Figure 2A ). The range in antibody levels within each group was large.
Using a statistically defined cut-off, only 5/18 (28%) LCI cases were NS1 seropositive; the remaining cases and controls were NS1 seronegative. In comparison with the vaccinated and control cases, the fold increase for the NS1 seropositive LCI cases was significant (P-values of <.001 and .001, respectively). The specificity of the NS1 LIPS method for distinguishing H1N1pdm09 LCI cases from controls was high (100%), but the sensitivity was only 28% ( Table 1 ). The positive predictive value (PPV) was high (100%), and the negative predictive value (NPV) was moderate (58%). Similarly, the method could distinguish LCI cases from vaccinated cases with high specificity (100%), but low sensitivity (28%).
In contrast, the mean anti-HA antibody level was similar for the LCI (9.4 ± 3.6) and vaccinated cases (9.9 ± SD 5.7), and only marginally higher than for the controls (7.0 ± SD 7.0) ( Figure 2B ). All the LCI and vaccinated cases were HA seropositive ( Table 1) . Among the controls, 11/18 (61%) were HA seropositive.
| Comparison between H1N1pdm09 specific anti-NS1, anti-HA and HI antibody titres
In the LCI samples, the mean antibody level was higher for the anti-HA response compared to the anti-NS1 response (9.4 ± SD 3.6 vs 2.3 ± SD 3.6, P < .001), and the level of anti-NS1 antibody was higher in samples with an HI > 40 (12.7 ± SD 3.3, N = 5) compared to those with an HI ≤ 40 (8.1 ± SD 2.9, N = 13). The vaccinated cases were all HA seropositive according to LIPS, but 4/18 (22%) cases had undetectable HI titres (HI < 10). The correlation between the HI titres and anti-HA levels for the LCI cases (r = 0.447, P-value of .063) and vaccinated cases (r = .484, P-value of .042) was moderate, but less apparent for the anti-NS1 antibody levels (LCI cases) ( Figure S1 ).
| Sensitivity of anti-H1N1pdm09 NS1 antibody detection and association with severity of pandemic illness and time since exposure
To explore possible explanations for the poor sensitivity of anti-H1N1pdm09 specific NS1 antibody detection in human LCI samples, data on HI titre, time since exposure, medical attention and self-reported severity of illness were compared for the NS1 seropositive (N = 5) and seronegative (N = 13) LCI cases (Table S1 ).
The sample size was too small for statistical analysis, but several trends were observed. The geometric mean HI titre (GMT) in the NS1 seropositive samples was higher than in the seronegative samples (52.8 (95%CI 24.4-114.0) vs 30.6 (95%CI 22.2-42.3)), and a higher proportion of NS1 seropositive cases sought medical attention multiple times during the course of their ILI episode (60% vs 38%). NS1 seropositive women appeared to feel more ill, be ill for a longer period of time, and more frequently report ILI specific symptoms.
The mean time between exposure and sampling was similar between the NS1 seropositive and negative cases (Table S1) , and between the LCI cases −215 days (95%CI 199-232) and the vaccinated cases −214 days (95%CI 187-240). The interval was slightly longer for the controls −254 days (95%CI 236-272).
| Screening of H1N1pdm09 HI seropositive, asymptomatic, unvaccinated cases
Based on our findings that severity of illness may affect NS1 antibodies, we wished to explore if anti-H1N1pdm09 NS1 specific antibodies were more difficult to detect after asymptomatic infection compared to symptomatic infection. A high HI titre (>40) against H1N1pdm09 was used as an indication of infection, based on the low pre-pandemic titres in the population. 8 Ten unvaccinated cases with high HI titres (HI GMT 98.5, 95%CI 70.5-137.6), who did not seek medical attention (ie lacking a LCI or clinical diagnosis), nor self-reported ILI, were tested. Only 1/10 cases were NS1 seropositive. The mean time since exposure was 246 days (95%CI 182-296).
| D ISCUSS I ON
In this study, we have evaluated LIPS as a method to distinguish between influenza pandemic H1N1/2009 infection and vaccination in human and animal control samples. In sera from laboratory animals with no prior exposure history to influenza, we demonstrated that the method could detect anti-NS1 H1N1pdm09 specific antibodies in experimentally infected animals, but not after inoculation with purified H1N1pdm09 HA. The main strength of this study was access to human samples from a well-characterized cohort, combining national registry data, self-reported questionnaire data and HI titre data. 17, 21, 22 During the pandemic, it was mandatory to report LCI and vaccination to the The main limitation of this study was the considerable time between human pandemic infection (>6 months) and sampling, during which antibody titres against NS1 and HA are likely to have waned, 17 and in some samples probably below the limit of detection. This is in contrast to the control animal sera, which were collected 2-4 weeks post-infection. Conceivably, some LCI cases could also have responded with anamnestic anti-NS1 antibodies that react better to the NS1 of non-H1N1pdm09 viruses. To our knowledge, there are few studies on the longevity of the anti-influenza NS1 antibody response. In chickens, the response peaked 3 weeks post-infection and rapidly decreased by week 5, 23 implying a short-lived response. Kinetics could be dependent on species 24 and influenza strain. Further, we measured a higher fold increase in antibody levels against HA relative to NS1. Structural viral (surface) antigens are probably more abundant and accessible and induce more antibodies than accessory/regulatory proteins. 14 Pregnancy may also alter the antibody response, though studies on vaccination in pregnancy do not suggest this. 25 Others have applied serological methods for differentiating influenza infection and vaccination through detection of anti-NS1 antibodies, in horses, 26 chickens 23 and humans. 27, 28 In chickens, detection was more successful after challenge with highly pathogenic avian influenza (HPAI) compared to low pathogenic avian influenza (LPAI) implying a correlation between antibody response and severity of illness. We made a similar observation, to be interpreted with caution due to the small sample size of the LCI group. However, previous analysis on a larger sample size from the same pregnancy cohort supported a correlation between HI titre and disease severity. 17 Another limitation was the large degree of variation in LU values between measurements, suggesting the LIPS method is more appropriate for defining serostatus than antibody quantification, at least for H1N1pdm09. It was not sensitive enough for screening the remaining participants for H1N1pdm09 infection in our pregnancy cohort where LCI data are lacking. For seasonal influenza, the confirmation of infection cannot be based on the detection of the anti-NS1 response by the LIPS method alone, due to the co-circulation of strains and the conserved nature of NS1. Supplementary methods are necessary for strain identification, such as the HI assay, utilizing surveillance data on circulating strains. 29 Future work is warranted to explore the sensitivity and specificity of anti-NS1 antibody detection during the acute phase of infection and at subsequent time intervals, for different subtypes and strains, and in samples from vaccinated individuals. This is important to assess the applicability of the LIPS method for the detection of recent or previous influenza infections and for distinguishing infected and vaccinated cases. Other viral antigens not present in the vaccine may also be considered for the LIPS assay, such as the NS2 protein, in combination with NS1, to improve sensitivity.
In conclusion, we showed that the LIPS method could distinguish between pandemic H1N1pdm09 infection and vaccination in experimentally inoculated animals. However, in human cases, although the method was specific, it was not sensitive for detecting pandemic H1N1pdm09 infection, at least not in samples obtained more than 6 months after the pandemic.
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